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Abstract

Background: There has been limited characterization of biological variables that impact vitamin K metabolism. This gap in

knowledge can limit the translation of data obtained from preclinical animal studies to future human studies.

Objective: The purpose of this study was to determine the effects of diet, sex, and housing on serum, tissue, and fecal

vitamin K concentrations and gene expression in C57BL6 mice during dietary vitamin K manipulation.

Methods: C57BL6 4-mo-old male and femalemice were randomly assigned to conventional or suspended-wire cages and

fed control [14006 80 mg phylloquinone (PK)/kg] or deficient (316 0.45 mg PK/kg) diets for 28 d in a factorial design. PK and

menaquinone (MK) 4 plasma and tissue concentrations were measured by HPLC. Long-chain MKs were measured in all

matrices by LC-atmospheric pressure chemical ionization-mass spectrometry. Gene expression was quantified by reverse

transcriptase-polymerase chain reaction in the liver, brain, kidney, pancreas, and adipose tissue.

Results: Male and female mice responded differently to dietary manipulation in a tissue-dependent manner. In mice fed

the control diet, females had ;3-fold more MK4 in the brain and mesenteric adipose tissue than did males and 100%

greater PK concentrations in the liver, kidney, and mesenteric adipose tissue than did males. In mice fed the deficient diet,

kidneyMK4 concentrations were;4-fold greater in females than in males, and there were no differences in other tissues.

Males and females differed in the expression of vitamin K expoxide reductase complex 1 (Vkorc1) in mesenteric adipose

tissue and the pancreas and ubiA domain–containing protein 1 (Ubiad1) in the kidney and brain. There was no effect of

housing on serum, tissue, or fecal concentrations of any vitamin K form.

Conclusions: Vitamin K concentrations and expression of key metabolic enzymes differ between male and female mice and in

response to the dietary PK concentration. Identifying factors that may impact study design and outcomes of interest is critical to

optimize study parameters examining vitamin K metabolism in animal models. J Nutr 2016;146:1521–7.
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Introduction

Vitamin K is a fat-soluble vitamin characterized by the 2-methyl-
1,4-naphthoquinone ring that exhibits anti-hemorrhagic activity

and an isoprenoid side chain. The major dietary form, phyllo-
quinone (PK)7, is found in dark green leafy vegetables and plant
oils (1) and provides the basis for current dietary requirements
(1, 2).Menaquinones (MKs) are a group of vitamin K derivatives
that are named after the number of isoprenoid units in the side
chain (3). Whereas evidence suggests MK4 is formed from
dietary PK by means of tissue-specific conversion by the
enzyme ubiA prenyltransferase domain-containing 1 (Ubiad1)
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and may have unique functions among the known vitamin K
forms (4–7), longer-chain MKs are a product of bacterial syn-
thesis in the intestine (8, 9). Bacterially produced MKs act as
electron carriers in cell respiration, transporting molecules
across plasmamembranes and acting as an antioxidant preventing
lipid oxidation (10). Dietary sources of MKs include dairy
and meats, as well as fermented food products (3, 10). The
contribution of bacterially synthesized MKs to overall vita-
min K status in animal models is still uncertain (11), and the impact
of MKs to human vitamin K requirements and status remains
controversial.

There is growing awareness that there are sex-specific differ-
ences in response to specific interventions in animal models used for
biomedical research (12). Themajority of current preclinical studies
in the vitamin K field rely on the use of a single-sex rodent model
(13–18); few studies, to our knowledge, have included both male
and female rodents (19, 20). However, in rats, females are reported
to be more resistant to vitamin K deficiency than males (21, 22),
which has been hypothesized to be attributable to increased
coprophagy in females (23), and increased vitamin K requirement
in males (21, 24), specific effects of sex hormones on vitamin K
metabolism (25, 26), and differences in the biosynthesis of MKs by
gut bacteria and corresponding absorption (26). The increased use
of geneticallymodifiedmousemodels and dietmanipulation studies
necessitates characterization of the biological variables affecting
mouse models of vitamin K nutriture. This includes understanding
sex-specific differences in vitamin Kmetabolism to gain insight into
mechanistic activity of vitamin K and its alternative functions.

Coprophagy is a unique consideration in animal studies of
vitamin K nutrition because of the high concentrations of
bioavailable MKs produced by gut bacteria. To control for
unanticipated MK intake through coprophagy, suspended
wire caging in combination with vitamin K–deficient diets have
been effectively used to create a vitamin K deficiency as defined by
a decrease in prothrombin time (23, 27). With NIH mandates to
improve animal welfare (12, 28), these caging options need to be
evaluated to determine whether they indeed account for differ-
ences in vitamin K metabolism across both sexes.

Our group has developed novel methods, to our knowledge,
for accurately manipulating vitamin K in the mouse diet to
match the predominant forms in the human diet (29), for
measuring all known MK forms (30), and for characterizing the
effect(s) of diet and nondietary biological factors, such as sex, on
expression of genes involved in vitamin K recycling and function
(31). This study used these techniques to determine the effects of
sex, diet, and caging on serum, tissue, and fecal vitamin K
concentrations and vitamin K metabolism–related gene expres-
sion in C57BL6 mice, a common animal model for genetic
manipulation. We hypothesized that vitamin K concentrations in
serum, liver, and extrahepatic tissues would be substantially
different between housing types. Additionally, we hypothesized
a sex-specific difference in response to the dietary vitamin K
manipulation between caging types.

Methods

Animals and diets. C57BL/6NCrl VAF/Plus mice (4 mo of age, n = 64)

obtained from Charles River Laboratory were acclimated with the AIN-

93G diet (TD.94045, Envigo) in conventional caging for 1 wk.We used a

23 factorial design to evaluate sex, diet, and cage effects. Male and
female mice were weight-matched and randomly assigned to individual

conventional [20.3-cm 3 31.8-cm 3 20.3-cm Zyfone plastic caging

supplied with Biofresh cellulose bedding (Absorption Co.)] or suspended

wire caging (20.3 cm 3 25.4 cm 3 19.1 cm). Within each cage and sex

group, mice were randomly assigned to a control diet containing 14006
80 mg PK/kg diet or a deficient diet containing 31 6 0.45 mg PK/kg diet

(TD.120060, Envigo) for 4 wk ad libitum, resulting in 8 groups of 8 mice

each. The experimental diet is amodification of TD.97053with replacement

of regular corn oil with tocopherol-stripped corn oil and a PK source

(Supplemental Table 1) (32). Tocopherol-stripped corn oil is used due

because of nutrient-nutrient interaction between vitamin K and vitamin E

as reported by Tovar et al. (33). This study demonstrated rats fed a vitamin

E–supplemented diet had significantly lower extrahepatic tissue concentra-

tions of vitamin K. To eliminate potential nutrient interactions in our study,

the diet was prepared with tocopherol-stripped corn oil. Body weights were

measured weekly. If significant weight loss was observed and mice showed

clinical signs of dehydration, fluid replacement was initiated with 1 cc of

Ringer�s lactate solution injected subcutaneously. Mice were maintained in

Association for Assessment and Accreditation of Laboratory Animal Care

International–accredited facilities with an environmentally controlled at-

mosphere (22�C, 45% relative humidity, 15 air changes of 100% fresh

HEPA-filtered air/h and a 12/12-h light/dark cycle, 0700 on). Mice were

observed daily for clinical signs of distress or disease. At the end of the

experiment, they were euthanized with carbon dioxide with secondary

euthanasia ensured by subsequent cervical dislocation, followed by blood

and tissue collection. Tissues of interest (the brain, liver, kidney, pancreas,

and mesenteric adipose tissue) were harvested and frozen immediately in

liquid nitrogen and stored at 270�C until time of analysis. All protocols

were approved by the Human Nutrition Research Center on Aging at Tufts

University Animal Care and Use Committee.

Vitamin K analysis. Tissues (0.10–0.20 g of wet weight) were homoge-
nized in PBS by use of a Powergen homogenizer (Fisher Scientific).

Plasma and tissue homogenate PK and MK4 were measured by use

of reversed-phase HPLC (34). Longer chain MK (MK5–MK13) concen-

trations were quantified in tissue and fecal samples by LC-atmospheric

pressure chemical ionization-MS (30).

Gene expression. We profiled the expression of the following genes

encoding enzymes involved in vitamin K metabolism (1): vitamin K

epoxide reductase complex subunit 1 (Vkorc1) (2), vitamin K epoxide

reductase complex subunit 1-like 1 (Vkorc1l1) (3), g glutamyl carbox-

ylase (Ggcx), and (4) UbiA prenyl transferase domain-containing

1 (Ubiad1). Total RNAwas isolated from tissues (the kidney, liver, brain,

mesenteric adipose tissue, and pancreas) by use of TRIzol reagent and

cDNA synthesized by use of Superscript III reverse transcriptase (Life

Technologies). Pancreas tissue samples were not stored with RNAse

inhibitor, increasing risk of degraded RNA and further lack of detectable

expression. Real-time PCR was performed by use of SYBR green master

mix and an ABI7300 thermocycler (Applied Biosystems). Primer

sequences were obtained from qPrimerDepot (35) or NCBI Primer Blast

(Supplemental Table 2) (36). Relative expression was calculated by use

of the 2-DDCt method, and statistical analyses were performed on DCt
values. Gapdh was used as the control gene.

Tail clip bleeding assay (in vivo bleeding assay). Tail bleeding time

was measured by an in vivo bleeding assay on day 28 of the dietary

intervention. Bleed time was defined as the start of bleeding to the

cessation of bleeding (37).

Corticosterone assay. Physiologic responses to stress lead to the release of

glucocorticoids, specifically corticosterone in mouse models (38). As a

measure of stress in response to different caging conditions, plasma total

corticosterone concentrations were measured by ELISA kit (Alpco). The intra-

and interassay coefficients of variation were 5.9% and 7.5%, respectively.

Power calculations and statistical analyses. Sample size calculations

were based on the work of Metta and Johnson (22), who compared

prothrombin time among male and female rats allowed coprophagy

and not allowed coprophagy. Power analysis was performed based on

2-sample comparisons on the main effects for cage and sex. We deter-

mined that 4 mice/group would provide 80% power to detect a differ-

ence in liver vitamin K status between mice in conventional (allowed
coprophagy) and wire-bottomed cages (not allowed coprophagy), and
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6 mice/group would provide 90% power to detect a sex-specific difference

in liver vitamin K status at a = 0.05. In each group, 2 extra mice were

added in case of death during the study.
The effects of cage, sex, and diet on concentrations of PK and MK4

were analyzed by a 3-factor ANOVAmodel with interactions and a fixed

effect for tissue PK andMK4measurements. Results of the full model led

to subgroup analysis within each specific tissue for the effects of sex and
diet on PK and MK4 concentrations, whereas we used a 2-factor

ANOVA and Tukey�s honestly significant difference to examine sex-by-

diet interactions. Pairwise comparisons of interest included male control

compared with male deficient; female control compared with female
deficient; male control compared with female control; and male deficient

compared with female deficient. ANOVA was used to examine fluid

replacement, change in body weight, and bleeding time between males
and females in conventional and suspended wire cages. We assessed the

ANOVA model using diagnostics for assumptions of homogeneity of

variance. No outliers were found that influence significance in the full

model. Data were tested for normality by the Shapiro-Wilk test. Signif-
icance was determined by P < 0.01, and all analyses were carried out by

use of SAS version 9.4. Data are reported as means 6 SEMs.

Results

Cage effect. Overall, independent effects of diet (P < 0.01) and
cage (P < 0.01) on body weight change in both male and female
mice (sex effect P = 0.37) were observed. The deficient diet and
wire-bottomed cages were both associated with lower weight
gain, but the 3-way interaction between the effects of sex,
cage type, and diet on weight change was not significant
(P-interaction = 0.76) (Table 1). There was no diet-by-cage
interaction (P-interaction = 0.92). Of the 32 mice housed in
suspended wire cages, 31 (97% of mice) required fluid replace-
ment during the 28-d experimental period (P < 0.01) (Supple-
mental Table 3). In comparison, only 2 mice in the conventional
cages required fluid replacement.

Analysis of PK and MK4 tissue concentrations in the full
statistical model showed no overall cage effect for any vitamin K
form (main effect cage: PK P = 0.09; MK4 P = 0.29, long-chain
MKs all P values > 0.02). There was also no significant difference
in bleeding time between suspended wire and conventional
caging regardless of sex (data not shown, P > 0.10).

Because of the differences observed in weight gain between
caging and required fluid replacement of mice housed in
suspended wire cages, we examined the effect of these environ-
mental stressors as assessed by plasma corticosterone concentra-
tions. Althoughmice in suspendedwire caging showed differences
inweightwith the different diets, therewas no significant difference
in corticosterone concentrations between suspended wire cages or
conventional cages (data not shown, P = 0.87).

Diet and sex effects. Because there was no effect of cage on
concentrations of any vitamin K form, data were combined for cage

types for all other analyses presented (Table 2). Results of the overall
statistical model showed a significant difference of PK and MK4
concentrations related to tissue type (P < 0.001). Thus we chose to
examine each tissue independently to examine the effect of sex and
diet on PK and MK4 concentrations. For all tissues, there was an
observed diet effect in PK and MK4 concentrations (main effect of
diet allP values < 0.01), except for PK concentrations in the pancreas,
which showed no effect (P = 0.05). There was an overall sex effect
observed for PK andMK4 concentrations in each tissue (main effect
of sex all P values < 0.01). The response to the diets differed by sex in
most tissues (for all sex-by-diet interactions P < 0.01), with mice
consuming the control diet having higher tissue concentrations of PK
and MK4. The only exception was in PK concentrations in the
pancreas (sex-by-diet interaction P = 0.25). Serum PK concentrations
did not differ between males and females within either diet (main
effect of sex P = 0.91; sex-by-diet interaction P = 0.91), PK
concentrations did not differ between males and females consuming
the deficient diet in any tissue (P > 0.02). MK4 concentrations were
significantly different between males and females consuming the
deficient diet in the kidney only (P < 0.01) with female mice having
higher concentrations. In contrast, females consuming the control
diet had significantly higher PK andMK4 concentrations in all tissues
(all P values < 0.01). Of the tissues analyzed, only kidney, liver, and
fecal samples contained long-chainMKs (Tables 2 and 3).Within the
deficient diet, there were no significant differences in MK9, MK10,
or MK11 in the kidney or liver between males and females (all P
values > 0.02). Surprisingly, males had higher kidney MK9 and
MK11 concentrations (all P values < 0.01), and in the liver,
females had significantly higher MK11 concentrations than did
males (P < 0.01). Long-chain MKs in the kidney and liver were
unaffected by diet (main effect of diet all P values > 0.12);
however, there was a significant sex-by-diet interaction in the
liver MK11 (P < 0.01).

Fecal PK, MK4, and detectable long-chain MK concentra-
tions are presented in Table 3. For longer chain MKs (MK6–
MK13), there was no effect of sex (all P values > 0.07) or diet
(all P values > 0.06). There was no significant difference in
MK concentrations between males and females consuming the
deficient diet (all P values > 0.28). In comparison, females
consuming the control diet had significantly higher MK6,
MK10, and MK11 than did males (all P values < 0.01). For
all other MKs, there was no difference in fecal concentra-
tions by sex or diet (P > 0.05).

Gene expression. Gene expression across different tissues
varied and may be indicative of tissue-specific regulation (Figure
1). Vkorc1 expression was significantly different between males
and females in mesenteric adipose tissue and the pancreas (P < 0.03)
and in response to diet in the pancreas and kidney (P < 0.01).
Interestingly, Vkorc1 in the pancreas and kidney of both males
and females had increased relative expression comparedwith liver

TABLE 1 Weight gain in male and female mice housed in either suspended or conventional caging and
fed a control or vitamin K–deficient diet for 28 d1

Diet

Male, g/28 d Female, g/28 d

Conventional Suspended wire Conventional Suspended wire P

Day 0 Day 28 Day 0 Day 28 Day 0 Day 28 Day 0 Day 28 Cage Sex Diet

Control 32.8 6 2.8 39.6 6 4.1 28.8 6 2.6 32.0 6 1.3 27.6 6 3.5 32.7 6 4.7 29.2 6 3.9 31.3 6 3.3 ,0.01 0.37 ,0.01

Deficient 31.3 6 2.0 35.3 6 3.9 33.0 6 2.9 32.7 6 0.9 27.1 6 3.6 30.4 6 4.6 24.9 6 1.4 25.6 6 1.7 ,0.01 0.37 ,0.01

1 Values are means 6 SEMs, n = 8 mice/group. Overall P values reflect ANOVA for calculated changes in body weight with cage, sex, and

diet as factors.
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Vkorc1, which was consistently expressed across all groups.
Vkorc1l1 expression only had a significant sex and diet effect in
the kidney and mesenteric adipose tissue, (P < 0.01). Expression
of Ggcx only had a significant sex-by-diet interaction in the brain
and liver (P < 0.02). Ubiad1 expression was significantly different
between males and females in the kidney and brain (P < 0.04).
There was a significant sex-by-diet interaction in the liver (P < 0.03)
and a diet effect observed in mesenteric adipose tissue (P < 0.04).
Similar to Ggcx, Ubiad1 was not expressed in the pancreas.

Discussion

In this study of young C57BL6 mice, there were significant sex-
specific differences in concentrations of PK andMK4 in all tissues

examined, and in several long-chain MK forms detected in the
liver and kidney. These results and supporting gene expression
data indicate that males and females respond differently to dietary
manipulation of vitamin K. As such, this study provides critical
information about biological variables that could influence the
function of vitamin K and its metabolites.

Sex-specific differences in the tissue distribution of vitamin K
forms have been documented in rats (24, 39–42). However, there
is limited information available regarding the sex-specific
responses to vitamin K dietary manipulation or vitamin K
metabolism in mice. The C57BL6 genetic background is the
most commonly used strain for transgenic models, and although
transgenic mouse models for studying key enzymes in vitamin K
metabolism and vitamin K–dependent proteins have been devel-
oped, none have compared responses between sexes (14, 19, 20).

TABLE 2 Serum and tissue PK, MK4, and detectable long-chain MK concentrations of male and female mice fed a vitamin K control or
vitamin K–deficient diet for 28 d1

Tissue Vitamin K form

Deficient diet Control diet P

Male Female P Male Female P Sex Diet
Sex 3 diet
interaction

Serum, pmol/mL PK ND ND — 0.80 6 0.2 0.90 6 0.2 0.88 0.91 ,0.01y 0.91

MK4 ND ND — ND ND — — — —

Liver, pmol/g PK 8.3 6 2.1 15.4 6 3.9 0.04 26.0 6 6.5 51.0 6 12.7 ,0.01* ,0.01y ,0.01y ,0.01y

MK4 ND ND — 1.25 6 0.3 10.8 6 2.7 ,0.01* ,0.01y ,0.01y ,0.01y

MK9 33.1 6 8.3 5.8 6 1.4 0.05 37.1 6 9.3 15.8 6 3.9 0.14 0.02 0.48 0.72

MK10 60.8 6 15.2 40.8 6 10.2 0.24 57.3 6 14.3 68.8 6 17.2 0.50 0.72 0.31 0.19

MK11 351 6 87.8 200 6 49.9 0.02 244 6 60.9 401 6 100 0.01* 0.95 0.28 ,0.01y

Kidney, pmol/g PK ND ND — 3.3 6 0.8 5.6 6 1.4 ,0.01* ,0.01y ,0.01y ,0.01y

MK4 2.0 6 0.5 10.4 6 2.6 ,0.01* 16.3 6 4.1 122 6 30.6 ,0.01* ,0.01y ,0.01y ,0.01y

MK9 32.6 6 8.1 18.2 6 4.5 0.13 50.2 6 12.6 19.2 6 4.8 0.01* ,0.01y 0.17 0.22

MK10 26.5 6 6.6 15.1 6 3.8 0.22 34.7 6 8.7 27.8 6 7.0 0.46 0.17 0.12 0.73

MK11 48.3 6 12.1 28.9 6 7.2 0.02 52.2 6 13.1 25.0 6 6.2 ,0.01* ,0.01y 0.99 0.48

Brain, pmol/g PK ND ND — ND ND — — — —

MK4 12.3 6 3.1 19.5 6 4.9 0.19 27.2 6 6.8 111 6 27.7 ,0.01* ,0.01y ,0.01y ,0.01y

Mesenteric adipose tissue, pmol/g PK 3.75 6 0.9 7.0 6 1.8 0.29 10.1 6 2.5 25.0 6 6.2 ,0.01* ,0.01y ,0.01y 0.01y

MK4 6.75 6 1.7 8.4 6 2.1 0.72 10.2 6 2.5 44.4 6 11.1 ,0.01* ,0.01y ,0.01y ,0.01y

Pancreas, pmol/g PK 12.1 6 3.0 26.2 6 6.4 0.02 14.5 6 3.6 36.1 6 9.0 ,0.01* ,0.01y 0.05 0.25

MK4 40.6 6 10.1 46.7 6 11.7 0.89 127 6 31.7 337 6 84.3 ,0.01* ,0.01y ,0.01y ,0.01y

1 Values are means6 SEMs, n = 16 mice/group. Concentration was below lower limit of detection for PK and MK4 (0.01 pmol/g) by use of an HPLC assay. *Significant difference

in Tukey�s honestly significant difference test between male and female mice within diet group at P , 0.01 adjusted a level. ySignificant test within the ANOVA model for specific

tissue and vitamin K form at P , 0.01 adjusted significance level. MK, menaquinone; ND, nondetectable; PK, phylloquinone.

TABLE 3 Fecal MK concentrations of male and female mice fed a control or vitamin K–deficient diet for 28 d1

Vitamin K form, pmol/g

Deficient diet Control diet P

Male Female P Male Female P Sex Diet Sex 3 diet interaction

PK 28.1 6 9.95 20.3 6 7.2 0.98 1920 6 678 2410 6 853 0.02 0.08 ,0.01y 0.08

MK4 859 6 304 568 6 201 0.88 1080 6 381 1190 6 421 0.67 0.68 ,0.01y 0.84

MK5 ND ND — ND ND — — — —

MK6 142 6 50.3 202 6 71.5 0.94 79.3 6 28.1 383 6 135 0.01* 0.07 0.75 0.06

MK7 44.4 6 15.7 55 6 19.4 0.95 29.1 6 10.3 ND — 0.53 0.06 0.48

MK8 125 6 44.2 219 6 77.2 0.85 54.6 6 19.3 212 6 74.8 0.02 0.08 0.10 0.13

MK9 376 6 133 180 6 63.4 0.28 196 6 69.2 282 6 99.6 0.22 0.90 0.65 0.11

MK10 804 6 284 796 6 282 0.57 581 6 205 1210 6 429 0.01* 0.13 0.82 0.02

MK11 224 6 79.3 274 6 96.8 0.93 166 6 58.7 400 6 142 0.01* 0.07 0.92 0.05

MK12 13.8 6 4.9 23.3 6 8.2 0.52 15.2 6 5.4 32.8 6 11.6 0.07 0.08 0.59 0.39

MK13 78.1 6 27.6 59.4 6 21 0.87 60.3 6 21.3 104 6 36.8 0.19 0.41 0.40 0.30

1 Values are means6 SEMs, n = 8 mice/group. Concentration was below lower limit of detection for MK5 and MK7 (5.0 pmol/g) by use of an LC-MS assay. *Significant difference

in Tukey�s honestly significant difference test between male and female mice within diet group at P , 0.01 adjusted a level. ySignificant test within the ANOVA model for specific

tissue and vitamin K form at P , 0.01 adjusted significance level. MK, menaquinone; ND, nondetectable; PK, phylloquinone.
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We saw no difference in concentrations of PK and MK4 between
males and females consuming the deficient diet in any tissue
except the pancreas. There may be a minimum vitamin K
concentration for the individual tissues achieved with intakes
sufficient to sustain coagulation that is similar for males and
females, whereas only the higher intakes reveal sex-specific
differences in tissue concentrations.

Collectively, these observations challenge the theories put
forth based on rat studies that females are more resistant to
vitamin K deficiency than are males (21, 22) because of possible
increased vitamin K requirements in males (21, 24). Instead, it
is more plausible that the higher tissue concentrations ob-
served in females in response to high vitamin K intakes may
be attributed to the role of estrogen and potential vitamin K
requirements for reproduction. Sex-specific differences have not
been well characterized in humans. Although there is a suggestive
effect of sex, the data are inconsistent (43), which further supports
the need to use both sexes in vitamin K studies by use of
preclinical models.

The extent to which bacterially produced MKs contribute to
vitamin K requirements and function in the liver is still unclear. In
our study, it is assumed that the origin of hepatic and renal long-
chain MKs is attributable to coprophagy because phylloqui-
none was the exclusive dietary source of vitamin K, and colonic
absorption of bacterially synthesized MK was likely low. Despite
characterizing 8 bacterially produced MKs in feces, we were only
able to measure 3 long-chain MK forms in peripheral tissues
and only in the liver and kidney. Females had overall higher
bacterially produced MK tissue contents than did males
consuming the control diet, which may be indicative of sex-
specific differences in gut microbiota and/or coprophagy, as
reported for other species (23, 26).

In our study, suspended wire caging had no effect on con-
centrations of tissue vitamin K forms or measures of vitamin K
function. Mice can access cecal pellets and ingest the pellets as
they are being excreted. Prevention of cecal pellet consumption
requires alternative methods such as Elizabethan collars (44).
Suspended wire caging however, resulted in poor health in the
mice as indicated by more fluid replacement and less body
weight gain. That there were no advantages to use of suspended
wire cages in terms of limiting coprophagy lends further support
for eliminating this caging type in mouse studies, because it does
not significantly reduce or inhibit coprophagic behavior.

Vitamin K status reflects adequacy of requirements to
support the biological function of posttranslational modifi-
cation of vitamin K-dependent proteins, which include proteins
involved in coagulation and bone metabolism. Vkorc1 is the
rate-limiting step in the classic vitamin K cycle of protein post-
translational modification. Vkorc1l1, the isomer to Vkorc1 has
demonstrated differential regulation of expression, tissue-
specific expression, and differences in vitamin K antagonist
warfarin sensitivity (20, 45–47), indicating that although the 2
enzymes are structurally similar, their functionality and regula-
tion may be independent of one another. Our results suggest
tissue-specific differences in expression and possible independent
regulation of the 2 paralogs, reflected by the diet and sex effects
on expression in different tissues. The consistent expression of

FIGURE 1 Gene expression of Vkorc1 (A), Vkorc1l1 (B), Ggcx (C),

and Ubiad1 (D) in tissues of male and female C57BL6 mice fed a

phylloquinone-deficient or control diet for 28 d. Data are displayed as

expression relative to the MC group and are presented as means 6
SEMs, n = 16. Bars represent 2-group comparisons of interest (MC

vs. MD, FC vs. FD, MC vs. FC, and MD vs. FD) with the endpoint of

each bar indicating the 2 groups being compared. *P , 0.05. FC,

female control; FD, female deficient; Ggcx, g glutamyl carboxylase;

LLD, lower limit of detection; LOQ, limit of quantification; MC, male

control; MD, male deficient; ND, not detected with assay LLD , 20

copies/reaction in a 50-mL reaction, and LOQ at 98 copies/reaction;

Ubiad1, ubiA domain–containing protein 1; Vkorc1, vitamin K epoxide

reductase complex 1; Vkorc1l1, vitamin K epoxide reductase complex

1-like 1.
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Vkorc1 in the liver, regardless of diet, may be indicative of a
minimum threshold of vitamin K required to maintain coagu-
lation. In contrast, the upregulation of Vkorc1 expression
observed in the kidney and pancreas of both males and females
consuming the deficient diet may suggest a compensatory effect
by extrahepatic tissues for lower vitamin K intake.

A recently identified enzyme involved in vitamin K metab-
olism is the Ubiad1 gene coding for a prenyltransferase that
enzymatically converts menadione to MK4 (6, 48). The conver-
sion is proposed to be a multistep process involving side chain
cleavage of PK to the ring structure menadione, which is then
readily converted to MK4 by ubiad1. The enzyme involved in
side chain cleavage has yet to be identified, but it is thought to be
localized to the intestine (5). The unique tissue distribution of PK
and MK4 infers possible differences in regulation of conversion
at the level of Ubiad1. Although expression of Ubiad1 has been
reported in the mouse pancreas (48), we were unable to detect
Ubiad1 in this tissue. Interestingly, the pancreas also does not
expressGgcx, an enzyme critical to the vitamin K cycle. The lack
of expression of Ubiad1 in the pancreas observed in our study
suggests that this tissue may not have the ability to produce or
convert PK to MK4. However, the pancreas has high RNase
activity, to the extent that this tissue has been excluded in other
studies examining vitamin K-related gene expression (20). Our
sample preparation may have led to significant RNA degrada-
tion resulting in undetectable levels of expression. Thus the
origin of MK4 in the pancreas cannot be determined solely by
examining the expression of Ubiad1.

Our data are consistent with prior studies that have demon-
strated tissue-specific differences in MK4 and PK concentrations
(4, 41, 49). A strength of this study is the exclusive use of PK as
the dietary source of vitamin K, which mimics the human
condition. Use of radiolabeled or stable isotopes in animal
models has indicated that menadione, which is the predominant
provitamin K form in unpurified diet for rodents, also is
converted to MK4 (29, 50, 51). Menadione in the unpurified
diet is continually being utilized in the conversion of MK4,
which results in high MK4 concentrations in the liver. In
contrast, studies in animals that are exclusively fed PK result in
accumulation of PK in the liver (4, 52, 53). Of note, menadione
is not present in the food supply, nor is it allowed in the human
diet because of concerns of hepatic toxicity (2). The purpose of
this study was to examine the effect of inducing vitamin
K deficiency by use of housing techniques and diet manipulation.
We only used young mice in this study to determine whether
vitamin K deficiency was inducible. It is plausible that age is an
important biological variable contributing to differences in
response to dietary intervention; thus future studies may consider
the use of aging mouse models to assess the role of age as a
biological factor influencing vitamin K status. The inclusion of
both male and female mice in our study is a substantial strength
and is important in regard to preclinical models and the translat-
ability to human conditions. Recent NIH mandates support the
use of both sexes in animal studies to identify differences in
response to various interventions and treatments (12). Our data
support the need to use both sexes in vitamin K studies.

In conclusion, there are significant sex-specific differences in
tissue concentrations of PK, MK4, and some long-chain MKs.
These results and concurrent sex-specific differences in gene
expression of vitamin K–related genes indicate that male and
female mice respond differently to dietary vitamin K manipu-
lation. Recent discoveries of novel, to our knowledge, vitamin
K–dependent proteins that may function in multiple tissues
other than the liver highlight a need to understand tissue-specific

differences in vitamin K metabolism and identify potential sex-
specific differences in vitamin K–dependent protein function or
location. To test the hypothesis that tissue specificity may be
indicative of vitamin K form-specific function, future research
must consider sex-specific differences in preclinical animal models
of vitamin K nutrition and metabolism.
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